Introduction
Anatase TiO2 with a tetragonal symmetry has been widely used for the degradation of organic pollutants, electrocatalysis, solar cells, and self-cleaning. Its wide use stems from favorable attributes such as its stable physicochemical properties, abundant reserve, nontoxicity, environment-friendliness, and low cost. [1] [2] [3] [4] [5] [6] [7] The photocatalytic properties of anatase TiO2 crystals are anisotropic since the different exposed crystal faces have different atomic and electronic structures and surface energy. This results in differences in the adsorption capacity of the pollutant molecules by TiO2 and the electron transfer properties. For examples, Ti atoms with an exposed (001) anatase face are 100% 5-coordinated Ti atoms (Ti5c); half the exposed Ti atoms on the (101) face are Ti5c atoms. This results in significant differences in the adsorption capacity between the (001) and (101) faces. Previous work using first-principles simulations showed that holes easily migrate to the {001} faces and electrons easily migrate to the {101} faces; therefore, the oxidation and reduction reactions preferentially occur on the {001} and {101} faces, respectively. [8] [9] In addition, the results of theoretical calculations show that the surface energy . [5] It was widely believed that the exposed (001) face has a high photocatalytic activity; however, Yu et al. [8] demonstrated that an appropriate proportion of exposed (001) and (101) crystal faces, which forms a "surface heterojunction", facilitates the separation of photo-generated carriers. Consequently, this improves the photocatalytic performance.
Wang et al. reported that TiO2 with the ideal (001) face was very inert to both methanol and water, and the activity of the (001) face was only enhanced after surface reduction or reoxidation. [10] It is well-known that the conduction band of anatase TiO2 is composed of the Ti 3d state and the valence band mainly comprises the O 2p states, with a band gap energy (Eg) of 3.2 eV. Therefore, the photo-excitation of electron-hole pairs requires photon energies hν ≥ 3.2 eV (wavelength λ < 387 nm); this means that the photo-response 3 range of TiO2 lies in the ultraviolet region and it can only harness < 5% of the total energy of the solar spectrum. [11] Therefore, increasing the spectral response range of TiO2 has become an important research area.
Significant efforts have been devoted to the post-treatment of the (001) face exposed TiO2 [denoted as (001)-TiO2] to further improve its photocatalytic performance. Li et al. synthesized composites of mesoporous (001)-TiO2 and C via a one-pot hydrothermal strategy in the presence of glucose and hydrofluoric acid (HF).
The composite exhibited excellent visible-light-driven photocatalytic performance. [12] Chen et al. synthesized a composite of g-C3N4 and B-doped (001)-TiO2 via the solvothermal method in order to improve the visible-light photocatalytic activity. [13] Cao et al. used first-principles simulations to study the electronic and optical properties of (001)-TiO2 and MoS2 composites. Their results suggested that the effective photosensitization of MoS2 and the stable interface between the two phases could promote the transfer of electrons from MoS2 to (001)-TiO2 and enhance its visible-light response. [14] It was also demonstrated that Au nanoparticles deposited on the surface of (001)-TiO2 particles could promote the separation of photo-generated carriers, improve cycle stability, and enhance the visible light response. [15] [16] In addition to the composite two-phase approach described above, several groups reported elemental substitution in (001)-TiO2, with the aim of improving its photocatalytic performance. For example, a theoretical study on C/F co-doped (001)-TiO2 concluded that C/F atoms preferentially replaced O atoms on the (001)
face, resulting in a surface conduction layer that could promote the migration of photo-generated carriers. [17] N/P co-doping of (001)-TiO2 resulted in a reduction of the band gap from 3.20 eV to 2.48 eV. [18] To the best of our knowledge, S-doped
has not yet been reported in literature.
The current literature on S-doped non-(001)-TiO2 are summarized as follows. (1) Ti-containing carbides, nitrides, and sulfides were annealed in air at 350-650 °C to synthesize C, N, and S-doped TiO2, respectively. [11] Their UV-Vis spectra exhibited a "shoulder" or "tail-like" absorption in the visible light region. were prepared first, then S-doping was performed via the vapour-thermal method. It was observed that S-doping greatly enhanced the photocatalytic performance of (001)-TiO2, and the related mechanism was revealed by a systematic investigation. S-doping of the (001)-TiO2 was performed via the vapour-thermal method. First, 300 mg of (001)-TiO2 NPs was added to a beaker containing 100 mL deionized water.
Experimental
Then, the desired amount of thiourea (99%, Aladdin) was added; the molar ratio of S in the thiourea to Ti in TiO2 (RS/Ti) was 0, 0.5, 1, 2, 3, 4, and 5. After magnetic stirring for 30 min, the solution was transferred to a 120 mL quartz-goblet, which was subsequently placed inside a 500 mL Hastelloy autoclave and 150 mL of deionized water was added to the autoclave. The autoclave was then heated to 180 °C or 250 °C, and maintained at temperature for 12 hours. The reaction occurred in the quartz-goblet under the high-temperature vapour environment of deionized water.
Such a vapour-thermal reaction has the advantages of rapid heat transfer, uniform heating, and accelerating the diffusion of S atoms in the TiO2 crystal lattice. After the autoclave cooled naturally to room temperature, the precipitate was washed several times with deionized water and absolute ethanol, respectively, and then dried at 60
°C. The S-doped TiO2 samples were synthesized at 180 °C and named as 1-S0, 1-S0.5, 1-S1, 1-S2, 1-S3, 1-S4, and 1-S5; samples synthesized at 250 °C were named 6 as 2-S0, 2-S0.5, 2-S1, 2-S2, 2-S3, 2-S4, and 2-S5.
Characterization
The crystal structure of the samples was investigated via X-ray diffraction (XRD)
using an X-ray diffractometer (XRD, Rigaku Industrial Corporation, Osaka, Japan)
with Cu Kα radiation (λ = 1.5406 Å) (operated at 40 kV and 100 mA). Transmission electron microscopy (TEM; JEM-2100, JEOL, Tokyo, Japan) was used to observe the morphology. The ultraviolet visible diffuse reflectance spectra (UV-Vis DRS) of the samples were measured on a Shimadazu U-4100 spectrometer (U-4100, Shimadazu
Corporation, Tokyo, Japan). X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Scientific ESCALAB 250Xi (Thermo Scientific Inc., USA). The photocatalytic activity was tested by the degradation of methylene blue. For this, the samples were placed 20 cm away from a xenon lamp (300 W, 16 A). The experimental process was as follows: 50 mg of catalyst was added into a 100 mL methylene blue solution with a concentration of 10 mg/L, and the samples were kept in a dark room for 30 min to achieve the adsorption-desorption equilibrium. After light irradiation, samples of the solution were taken every 10 min. After high-speed centrifugation, the concentration of methylene blue was analyzed by a UV-Vis spectrometer (UV-3200S, MAPADA, Shanghai, China) and calculated using a calibration curve.
Results and Discussion
The crystal structures of all the samples were characterized by XRD. Table 1 ; this was due to the S element entering the lattice. The value of c/a gradually increased from 2-S0.5 to 2-S3 and reached a maximum for the 2-S3 sample, and then decreased. The reason for the variation of c/a with RS/Ti will be discussed in detail in section XPS. (c, f) samples. It can be seen that the undoped 1-S0 sample synthesized at 180 ℃ was composed of square sheet-like particles, which is the typical morphology of (001)-TiO2. [8, 25, 26] The HRTEM image (Fig. 2d ) of the particle side shows a lattice fringes spacing of 0.238 nm. This corresponds to the (004) crystal face of TiO2 and indicates that the top and bottom square surfaces (pointed by the arrow) are the (001) faces. [27] For samples synthesized at 250 °C, the TEM images (Figs. 2b and 2c ) of the undoped 2-S0 and S-doped 2-S2 show that the edges and corners of some of the square particles become blurred. The HRTEM images (Figs. 2e and 2f) of the particle sides also exhibit lattice fringes associated with the (004) crystal face.
FT-IR spectra were measured for all the samples. Fig. 3 shows the results of the samples with RS/Ti = 0, 2, and 5. The wavenumbers and vibration modes that 8 correspond to the absorption peaks are listed in Table 2 . Compared to the undoped 1-S0 and 2-S0 samples, all the S-doped samples exhibit the Ti-S vibration mode with an absorption peak located at 1060 cm −1 . Compared with the S-doped samples at 180 °C (Fig. 3a) , the S-doped samples at 250 °C (Fig. 3b) [29] . (4) The vibration modes at 1800 cm −1 and 2515 cm −1 can be attributed to the -COOH vibration [30, 31] ; while those at 2850 cm −1 and 2920 cm −1 can be attributed to the C-H vibration [34] ; the C-OH vibration mode is located at 880 cm −1 [32, 33] . (5) The vibration mode at 2138 cm −1 can be attributed to the C-N vibration, which results from the residue after thiourea decomposition. [35, 36] In order to investigate the variation of the elemental chemical states (CS) of the S-doped (001)-TiO2 with the RS/Ti, the core energy level XPS spectra of the Ti 2p, O 1s, and S 2p regions were measured for samples 1-S0, 1-S2, and 1-S5. Fig. 4 representatively shows the results of 1-S2. The S element was not detected by XPS for the three samples; this could be due to the small amount of S atoms doped in the samples or adsorbed on the TiO2 surface. [41] The XPS spectrum of Ti 2p can be fitted by two peaks and the CSs correspond to TiO2 and TiOx. [42, 43] The XPS spectrum of O 1s can be fitted by two peaks as well and the CSs correspond to TiO2 and -OH. [44, 45] The CS of the Ti and O elements, their corresponding binding energies (BE), and the ratios for 1-S0, 1-S2, and 1-S5 are listed in Table 3 . It can be seen that the CS ratios their corresponding BE, and the ratios for 2-S0, 2-S0.5, 2-S1, 2-S2, 2-S3, 2-S4, and 2-S5 are listed in Table 4 .
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The XPS spectrum of O 1s can be fitted by three peaks and the CSs correspond to TiO2, -OH, and Ov. [46] As the RS/Ti increases, the ratio of Ov increases from 4.3% (2-S0) to 22.9% (2-S3) and then decreases to 19.9% (2-S5). The XPS signals of the oxygen vacancies were not detected in the S-doped samples at 180 ℃, but they appear in the S-doped samples at 250 ℃ due to the reducibility of thiourea [47] and the influence of the S-doped element.
The XPS signal of the S element was not detected in the S-doped samples at 180
°C. For the S-doped samples at 250 °C, the XPS spectrum of the S 2p region can be fitted by three peaks, the CSs correspond to Ti-S, S 0 , and S 6+ . [19, 48] The substitution of S 2− for O 2− in the TiO2 lattice is responsible for the formation of the Ti-S bond. [19] The neutral S (S 0 ) comes from the hydrolysis of thiourea at high temperature, [49] which is believed to adsorb on the TiO2 surface or partially enter the interstitial sites of the TiO2 lattice. Some of the S 6+ ions replace the Ti 4+ ions in the TiO2 crystal lattice, while others exist in the SO4 2− groups. [50] From Table 4 , it can be seen that the XPS signal of the S element in 2-S0 and 2-S0.5 cannot be detected. For the 2-S1 sample, S replaces O to form the Ti-S bond, which is accompanied by the appearance of S 0 . For the 2-S2 sample, apart from the consequentially induces a lattice distortion. [41] The lattice distortion degree (ΔR) is calculated according to ΔR = rS6+ (RTi4+ − RS6+) + rS2− (RS2− − RO2−), where r is the ratio of the CSs and R is the ionic radius and ΔR is 0.024 nm (2-S1), 0.032 nm (2-S2), 0.034 nm (2-S3), 0.028 nm (2-S4), and 0.028 nm (2-S5), respectively. The 2-S3 sample has the largest ΔR, which is consistent with the XRD results.
The XPS spectra can not only provide information on the binding energy of elements but also about the total density of states (DOS) in the valence band of the TiO2. [11, 51] In order to observe whether S doping produces energy levels above the valence band maximum, we measured the valence-band XPS spectra of the 2-S0, 2-S0.5, 2-S1, 2-S3, and 2-S5 samples, as shown in Fig. 6(a) . The valence band maximum for all the samples was located around 2.4 eV, so S-doping does not shift the valence band maximum towards the forbidden band. The mid-gap states or diffusive states observed in C, N, and S-doped TiO2 caused by impurities [11] were not observed in our samples. A peak around 7.1 eV was observed in the valence band DOS curve, and its intensity is in the order of 2-S0.5 > 2-S1 > 2-S5 > 2-S3. The states in the valence band are derived from the O 2p orbitals. As listed in Table 4 , the ratio of the oxygen vacancies for the S doped samples changes in order 2-S0.5 < 2-S1 < 2-S5 < 2-S3; therefore, the decrease in the DOS mainly results from an increase in the oxygen vacancies. Ae, De, and Kapp for all samples are listed in Table 5 and Table 6 .
It can be seen From Table 5 that samples1-S0 to 1-S5 hardly adsorb any MB, and the adsorption coefficients range from 0-5.7%. However, the adsorption coefficients for samples 2-S0.5 to 2-S5 are significantly enhanced, ranging from 0.9-68.5%.
Generally, the larger the specific surface area of the sample, the stronger the adsorption capacity; however, the results of the BET surface areas (SBET) in Table 7 show that the specific surface area of samples 2-S0.5 to 2-S5 is less than that of samples 1-S0 to 1-S5. Microscopically, the adsorption capacity of TiO2 to water or organic pollutant molecules is determined by the amount and distance of oxygen vacancies (or Ti 3+ ) on the surface of the TiO2 particles. [52] The adsorption coefficient (Ae) and oxygen vacancies ratio of 2-S0.5 to 2-S5 change with RS/Ti with an almost similar trend. This indicates that the adsorption is mainly determined by the oxygen vacancies. Additionally, the SO4 2− group adsorbed on the surface of the S-doped samples at 250 °C produces acidic sites on the TiO2 surface. [29, 53] These acidic sites provide more surface chemical adsorption centers for reactants and oxygen molecules, thus, enhancing the adsorption effect.
The S-doped samples at 180 °C are able to degrade MB within 120 min, and the degradation coefficients vary from 92.5% to 99.8%; however, for the S-doped samples at 250 °C, the MB is almost completely degraded within 80 min, and the degradation coefficients (De) exceed 99.4%.
For the samples synthesized at 180 ℃, the Kapp of the undoped 1-S0 sample was 1.7×10 −2 min −1 ; after S-doping, the Kapp of the 1-S4 sample was the largest and ; after S-doping, the Kapp of the 2-S2 was the largest and reached 18.2×10 −2 min −1 , which was 2.62 times higher than that of 2-S0. In contrast, the degradation performance of the commercial P25 TiO2 to MB was also tested by the same method;
the Kapp value was determined to be 7.5× 10 −2 min −1 , which was much smaller than that of 2-S2.
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The SBET of all the samples were investigated by nitrogen adsorption-desorption isotherms. Fig. 8 shows the results for samples 1-S0, 1-S2, and 1-S5 (a) and for 2-S0, 2-S2, and 2-S5 (b). The Barret-Joyner-Halenda (BJH) desorption pore distribution (Dp) analysis results are shown in the insets of Figs. 8(a) and 8(b) . The SBET and Dp values for all the samples are listed in Table 7 . The SBET of almost all the S-doped samples at 250 °C was reduced, compared to the S-doped samples at 180 °C. This can be mainly ascribed to the agglomeration of TiO2 particles synthesized at 250 °C, as
shown by the TEM results. In addition, the S-doped samples at 250 °C had a larger pore size, which was beneficial for adsorption of the pollutant molecules. surface complexes, respectively. [54, 55] As the RS/Ti increases, there was no obvious trend in the change of the luminescence intensity of the S-doped samples at 180 ℃.
However, for the S-doped samples at 250 ℃, the luminescence intensity increases initially, with the 2-S2 sample having the strongest luminous intensity. Then, the luminescence intensity decreases with sample 2-S5 having the weakest intensity. It can be seen from the XPS results that there are various impurities and defects in the S-doped TiO2, such as Ov (Ti 3+ ), -OH, and S impurities; furthermore, the change of their proportion is the most likely reason for the change in the luminescence intensity. Table 2 Wavenumber at the absorbance peak and the corresponding vibration mode. Table 3 The chemical states (CS) of Ti and O and their corresponding binding energies (BE) and ratios for 1-S0, 1-S2, and 1-S5. Table 4 The chemical states (CS) of Ti, O, and S elements and their corresponding binding energies (BE) and ratios for 2-S0, 2-S0.5, 2-S1, 2-S2, 2-S3, 2-S4, and 2-S5. Table 5 The values of the adsorption efficiency (Ae), degradation efficiency (De), and the apparent reaction rate constant Kapp for the 180 ℃ samples. Table 6 The values of the adsorption efficiency (Ae), degradation efficiency (De), and the apparent reaction rate constant Kapp for the 250 ℃ samples. Table 7 Textural parameters of all samples. 23 Tables and Figures   Table 1   Table 2   Table 3 24 Table 4   Table 5   Table 6 25 Table 7 26
